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Scanning ion-conductance microscope (SICM), which enables high-resolution imaging of 
cell surface topography, has been developed for over two decades. However, only recently, 
a unique scanning mode is increasingly used in biological studies to allow SICM to detect 
the surface of live cells. More recently, in combination with confocal microscopy and 
patch-clamp electrophysiological techniques, SICM allows investigators to localize proteins 
or ion channels in a specific nanostructure at the cell surface. This article will briefly review 
SICM nanotechnique and summarize the role of SICM in biological studies. 
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HISTORY 

The scanning ion-conductance microscope (SICM) was invented 
by Hansma and co-workers at the University of California in 
1989 (Hansma et al, 1989). In a wide family of scanning probe 
microscopes, SICM is the most recently developed one which 
is specifically designed for the scanning of soft, non-conductive 
materials bathed in electrolyte solution at sub-micrometer reso- 
lution. But for a long time, this technique was limited to imaging 
of flat polymer films. In 1997, Korchev et al. made significant 
improvements to SICM to allow the imaging of live cells with- 
out making direct contact with the sample surface (Korchev et al., 
1997). A couple of years later, the same group, for the first 
time, mapped single active ion channels in intact cell membranes 
(Korchev et al, 2000b), and also developed a hybrid scanning ion 
conductance which allows high-resolution characterization of the 
cell surface and the simultaneous recording of topographic and 
optical images (Korchev et al, 2000c). In 2002, there were several 
significant breakthroughs in SICM methods. First, Gu et al. used 
SICM to resolve the topographical details of a living cell surface to 
guide patch-clamp recording of ion channel activity at a specific 
area of the cell surface (Gu et al., 2002). Second, Bruckbauer et al. 
used a nanopipette to locally and controllably deposit complex 
biomolecules such as DNA and protein molecules onto a sur- 
face to study these molecules at submicrometer scale (Bruckbauer 
et al., 2002, 2003). Third, Gorelik et al. combined SICM with 
confocal microscopy to perform simultaneous topographical and 
fluorescence imaging of cell surface (Gorelik et al., 2002). In 2003, 
they also used SICM to directly observe the assembly of microvil- 
lar structures in various living epithelial and nonepithelial cells 
(Gorelik et al., 2003). Another milestone improvement of SICM is 
the development of a unique way to scan the cell surface (Happel 
and Dietzel, 2009; Novak et al, 2009). This mode, which is called 
the hopping mode, is especially useful for non-contact imaging of 



the cell surface with a resolution better than 20 nm (Novak et al., 
2009; Klenerman et al, 2011). Since then, the ability of SICM to 
produce high resolution images of the surface of live cells has been 
increasingly recognized (Yang et al., 2011, 2012; Pellegrino et al., 
2012; Shevchuk et al., 2012). 

PRINCIPLE 

The SICM consists of a glass micropipette probe, a micromanipu- 
lator, an amplifier, and an inverted microscope. The micropipette 
has a small opening diameter (50-100 nm) and is filled with elec- 
trolyte and lowered into a bath of electrolyte down close to the 
sample surface (Figure 1). A voltage is applied across the elec- 
trolyte via two electrodes; one inside the pipette and the other 
in the bath. As the tip of the micropipette approaches the sam- 
ple surface, the ion conductance reduces because the gap that 
ions can flow through is decreased. Changes in the current are 
measured by the amplifier, and are used as a feedback signal by 
the scanner control unit to keep the distance between pipette 
tip and sample constant by applying appropriate voltages to the 
Z-piezo drive during the scanning. Therefore, the path of the tip 
follows the topography of the surface so that the sample topog- 
raphy can be recorded. There are several operating modes for 
SICM (addressed below). 

DIRECT CURRENT (DC) MODE 

In the DC mode, a continuous feedback mechanism moves 
the pipette up and down while scanning the sample to keep 
the pipette always in the proximity of the sample surface. 
Thus, a pipette-sample separation, typically equal to the pipette's 
inner radius, is maintained during imaging. This method suffers 
from poor sensitivity and resolution. Moreover, in principle, the 
probe does not come into contact with the surface. However, since 
the dependence of the ionic current on the distance between the 
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FIGURE 1 | SICM components and schematic diagram of SICM amplifier (C), SICM controller (D), and data acquisition and analysis system 

topography imaging of live cells with hopping mode. The XE-Bio SICM (E). Components (A, B, and C) are attached to a Nikon Eclipse TV inverted 
setup (Park Systems Corporation) consists of SICM head (A), piezo (B), SICM microscope. 



tip and the sample is not very steep, the tip often contacts the 
surface of a rough sample during routine imaging. Therefore, the 
DC mode is now generally used only for sample with vertical 
protrusions below a few hundred nanometers. 

ALTERNATING CURRENT (AC) MODE 

In the AC mode, a lock-in amplifier is used to detect the changes 
in the AC current amplitude, which is then used to control the 
feedback circuitry to modulate the scanning tip distance from the 
sample surface. This mode is much more sensitive than the DC 
mode, and allows the probe to be operated only a few nanome- 
ters from the sample surface. Moreover, the AC ionic current 
can be recorded simultaneously during the scan. As described 
in a previous report (Pastre et al., 2001), it can provide addi- 
tional information about the local ionic environment. However, 
it is impossible to scan highly convoluted surfaces using either 
the DC or the AC mode because the SICM probe only senses 
locally at the tip. In other words, in these two types of mode, 
the side of the probe may touch the sample before the tip has 
sensed the presence of a very bumpy surface. Therefore, like the 
DC mode, the AC mode is also only suitable for samples with a 
relative smooth surface. 



HOPPING MODE/APPROACH-RETRACT SCANNING (ARS) MODE 

The hopping mode is also called a backstep or ARS mode. In 
the hopping/ ARS mode, ion current is recorded while the pipette 
is moved vertically and repeatedly approaches and retracts from 
the sample surface. This new mode type no longer uses con- 
tinuous feedback and raster scanning pattern. The nanopipette 
approaches the surface to measure the height only at selected 
imaging points and rapidly retracts back to a safe distance 
before moving laterally onto the next imaging point. The pipette 
approaches until the current is reduced by a predefined thresh- 
old. Typically, the pipette is still at a distance of about one inner 
pipette radius from the surface, usually 25-50 nm. Therefore, the 
hopping mode is especially powerful for imaging samples with 
steep slopes and is capable of imaging surfaces with rough vertical 
protrusions of several micrometers. 

ROLE IN BIOLOGICAL STUDIES 

High-resolution images of biological samples can be obtained by 
electron microscopy. However, the samples must be fixed before 
performing electron microscopy experiments. In contrast, SICM 
is able to reveal the morphology and dynamics of live cells at 
nanometer scale and to complement confocal microscopy and 
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patch-clamp techniques. SICM can also monitor cell volume and 
movements, deliver mechanical and chemical stimulations to cells 
or cellular nanostructures, and even guide cell growth. 

STUDY SPECIALIZED MEMBRANE STRUCTURES SUCH AS MICROVILLI, 
CILIA, ENDOCYTIC PITS, AND TIGHT JUNCTIONS 

The apical membranes of some epithelial cells have special- 
ized structures such as microvilli, cilia, endocytic pits, and tight 
junctions. SICM can provide high resolution images of these 
structures in live cells. In addition to revealing nanometer-scale 
morphology, SICM is also a powerful tool to analyze the dynam- 
ics of nanostructures of live cells. The dynamics of fine structures 
in cell membranes is vital for investigating cell function and facil- 
itating the study of important physiological processes. Formerly, 
these structures could only be observed by scanning electron 
microscopy or to a lesser extent by atomic force microscopy, but 
both methods are only suitable for fixed samples which prevent 
observing the fine structural and functional changes of mem- 
branes in live cells. SICM, on the other hand, is suitable for 
imaging live cell surfaces bathed in electrolytes. Real-time obser- 
vations of changes in the cell surface can be continuously con- 
ducted under normal physiological conditions. SICM has been 
used to observe directly the assembly of microvillar structures in 
living renal epithelial cells. The real-time nanoscale topographi- 
cal images show that multiple microvilli can either form ridges 
or break into small isolated structures. The height of microvilli 
can also be rearranged in response to cell volume change (Gorelik 
et al, 2003, 2004). 

With the introduction of hopping mode, large microvilliar 
structures like stereocilia of hair cells were observed at high res- 
olution (a diameter of 100 nm or less) (Novak et al, 2009). A 
kinocilium (true cilium) was also visualized in young postnatal 
auditory hair cells. SICM has also been used to investigate the 
dynamic changes of tight junctions. In renal epithelial cells, the 
morphological changes of tight junctions after hypertonic stress 
was visualized by SICM and used to determine the role of tight 
junctions in maintaining epithelial monolayer integrity (Zhang 
et al, 2005). Besides microvilli, cilia, and tight junctions, the 
endocytic pit is another specialized membrane structure which 
can be visualized by SICM (Shin and Gillis, 2006; Shevchuk et al., 
2008a). Recent studies have shown that this powerful tool can 
even be used to visualize the process of clathrin-coated pit closure 
(Shevchuk et al., 2012). In summary, SICM is a very power- 
ful nanotechnology to study specialized membrane structures in 
live cells. The use of SICM might be extended to the study of 
the mechanism of cilium formation or loss in the normal and 
polycystic kidney disease in renal epithelial cells. Recently, my 
laboratory has established this nanotechnology and has exam- 
ined microvilli, cilia, endocytic pits, and tight junctions in mouse 
cortical collecting duct mpkCCD c i4 cells (Figure 2). 

NAVIGATE PATCH-CLAMP RECORDINGS OF ION CHANNELS IN 
SPECIALIZED MEMBRANE STRUCTURES 

Since SICM uses glass micropipette filled with electrolyte, after 
achieving topographical image by scanning the cell surface the 
same micropipette can be used for patch-clamp recording of 
ion channels. In other words, SICM provides the nanoscale 



navigation for patch-clamp recording of single ion channel activ- 
ity at defined positions or structures on the cell surface. This 
so-called high-resolution or "smart" patch-clamp technique was 
initially developed by Gu et al. (2002). They successfully mapped 
ion channels in cardiac myocytes: L-type Ca 2+ channels and Cl~ 
channels are located only in the regions of T-tubule openings. 
Using the conventional patch-clamp technique, the maxi-anion 
channel was hardly caught because the "smart" patch-clamp tech- 
nique showed that the channel is mainly located at the openings 
of T-tubules and along Z-lines in adult cardiomyocytes (Dutta 
et al., 2008). After detecting the membrane structures of iso- 
lated guinea-pig ventricular myocytes with a lateral resolution of 
1.86 u,m, a cystic fibrosis conductance regulator-like Cl~ channel 
was precisely localized in these myocytes, which are located both 
in z-grooves and in the inter-groove region, but not at the mouths 
of t-tubules (James et al, 2010). As described above, SICM can 
also visualize specialized membrane structures such as microvilli 
and tight junctions. The "smart" patch technique makes it pos- 
sible to easily locate the patch pipette at a region of interest on 
the cell surface including microvilli and tight junctions to record 
the ion channel activity (Gorelik et al, 2004; Yang et al., 2010). 
Since atomic force microscopy showed that the epithelial sodium 
channel (ENaC) is predominantly located in the microvilli of dis- 
tal nephron cells (Smith et al., 1997), it would be very interesting 
to detect how this unique localization is related to ENaC function 
and regulation. 

PROVIDE A TOPOGRAPHIC BACKGROUND FOR C0NF0CAL 
MICROSCOPY LOCALIZATION OF PROTEIN MOLECULES AND 
NAN 0 PARTICLES 

SICM can be combined with simultaneous confocal fluorescence 
imaging, resulting in a new technique named scanning surface 
confocal microscopy. This technique allows investigators to study 
the relationship between cell surface membrane structures and 
fluorescently labeled proteins or nanoparticles in both fixed and 
live samples. SICM can be performed at a sufficient resolution on 
living cells to image fixed or slowly diffusing individual protein 
complexes in the plasma membrane and to follow their reor- 
ganization over time. Such proteins are likely to be present on 
highly structured cells where specific functions are associated with 
particularly specialized regions or domains. The cell membrane 
exhibits numerous submicrometer-sized surface structures that 
could be topographically confused with virus particles. This prob- 
lem can be solved with simultaneous confocal microscopy local- 
ization of fluorescently labeled molecules. Using this technique, 
previous studies showed that virus-like particles were randomly 
distributed across the cell membrane and had no specific inter- 
actions with specialized membrane structures such as microvilli 
(Shevchuk et al., 2008b). The combination of SICM with confocal 
microscopy also allows investigators to study nanoparticle uptake. 
Previous studies showed that nanoparticles with two different 
sizes (50 nm and 1 u,m) can be internalized in equal numbers 
by human alveolar type-l-like cells (Kemp et al, 2008). In addi- 
tion to the nanoparticles described above, this technique also 
can be applied to any virus or other nanoparticle such as gene 
delivery agents as long as they can be labeled with a fluores- 
cent moiety. It is anticipated that this procedure will be useful 
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FIGURE 2 | SICM topographic images of (A) microvilli, (B) cilium, (C) 
endocytic pits, and (D) tight junctions. Images were achieved with 
the XE-Bio SICM which was purchased from Park Systems Corporation. 



The cells in (A) through (D) were from mouse cortical collecting duct 
mpkCCDc14 cells, which were cultured as we previously described 
(Helms et al., 2005). 



in characterizing the earliest interactions of these particles with 
the cell and contribute to identifying novel drugs to prevent viral 
infection as well as in the development of gene therapy reagents. 
This technique should find widespread application for studying 
the relationship of fluorescently tagged molecules within the cell 
membrane. 

MONITOR CELL VOLUME AND MOVEMENTS 

Regulation of cell volume is a fundamental mechanism for cellu- 
lar homeostasis. Changes in cell shape, movement, and volume 
reflect normal cellular functions such as secretion, ion trans- 
port, and adaptation to environment. In order to study the 
physiology and pathology associated with the regulation of cell 
volume and cell membrane movement, an appropriate technique 
is needed, which allows quantitative and high-resolution char- 
acterization without influencing the cell functionality. SICM is 
one of the most advanced ways to meet these requirements. 
The technique can measure a wide range of volumes from 
1CP 19 to 10~ 9 liter. The cell volume, as well as the cell vol- 
ume of small cellular structures such as dendrites, processes, or 
microvilli, can be measured at the 2.5 x 1(P 20 liter resolution 



(Korchev et al, 2000a; Kemp et al, 2008). Membrane movements 
in the range of 30 min to a few hours can be quantitatively 
monitored with SICM at a lateral resolution of 500 nm (Happel 
et al., 2003; Kemp et al, 2008). Through monitoring the vol- 
ume of either cells or cellular structures, SICM is a powerful 
tool to investigate how a functional epithelial monolayer main- 
tains its integrity when given hypertonic stress (Zhang et al., 
2005). 

DELIVER MECHANICAL OR CHEMICAL STIMULATIONS 

Mechanosensitive ion channels convert external mechanical 
force into electrical and chemical signals in cells, but their 
physiological function is hard to detect. SICM is a satis- 
factory physiological tool to stimulate these channels in liv- 
ing cells by means of a nanopipette. This method can be 
straightforwardly extended to noncontact mapping of both 
the mechanical properties of the cell and mechanosensitive 
ion channels (Sanchez et al, 2007). Sanchez et al. produced 
a non-contact, controlled mechanical stimulation on human 
and rat dorsal root ganglia sensory neurons and, simultane- 
ously, used whole-cell patch-clamp recordings and measurements 
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of intracellular Ca 2+ concentration to validate the effects of 
mechanical stimulation on mechanosensitive ion channels. SICM 
can provide repetitive mechanical stimulation of a specific cel- 
lular region without introducing any damage, and serves as a 
stable model to study cell mechanotransduction and test novel 
drugs that may inhibit or modulate mechanosensitive ion chan- 
nels. When the scanning is performed near the cell membrane, 
SICM can be used to interact with growing neurons to induce 
their remodeling (Pellegrino et al, 2009, 2011). Since the guid- 
ance of axon growth cones to their targets is essential for estab- 
lishing neural circuits, the technique can significantly promote 
neuroscience research. 



CONCLUSIONS 

SICM, combined with confocal microscopy and patch-clamp 
techniques, is a unique technique to investigate membrane topog- 
raphy at a nanometer scale and single protein function in specific 
membrane microdomains such as microvilli, cilia, endocytic pits, 
or tight junctions, especially in live cells. This nanotechnology will 
continue to generate important new insights in biological studies. 

ACKNOWLEDGMENTS 

This review article was supported by Department of Health 
and Human Services (National Institutes of Health Grant 5R01- 
DK0671 10 to He-Ping Ma). 



REFERENCES 

Bruckbauer, A., Ying, L., Rothery, A. 
M., Zhou, D., Shevchuk, A. I., Abell, 
C, et al. (2002). Writing with DNA 
and protein using a nanopipet for 
controlled delivery. /. Am. Chem. 
Soc. 124, 8810-8811. 

Bruckbauer, A., Zhou, D., Ying, 
L., Korchev, Y. E., Abell, C, 
and Klenerman, D. (2003). 
Multicomponent submicron 
features of biomolecules created by 
voltage controlled deposition from 
a nanopipet. /. Am. Chem. Soc. 125, 
9834-9839. 

Dutta, A. K., Korchev, Y. E., Shevchuk, 
A. I., Hayashi, S., Okada, Y, and 
Sabirov, R. Z. (2008). Spatial dis- 
tribution of maxi-anion channel on 
cardiomyocytes detected by smart- 
patch technique. Biophys. }. 94, 
1646-1655. 

Gorelik, J., Shevchuk, A., Ramalho, M., 
Elliott, M., Lei, C, Higgins, C. E, 
et al. (2002). Scanning surface con- 
focal microscopy for simultaneous 
topographical and fluorescence 
imaging: application to single 
virus-like particle entry into a cell. 
Proc. Natl. Acad. Sci. U.S.A. 99, 
16018-16023. 

Gorelik, J., Shevchuk, A. I., Frolenkov, 
G. I., Diakonov, I. A., Lab, M. ]., 
Kros, C. J., et al. (2003). Dynamic 
assembly of surface structures in liv- 
ing cells. Proc. Natl. Acad. Sci. U.S.A. 
100, 5819-5822. 

Gorelik, J., Zhang, Y, Shevchuk, A. I., 
Frolenkov, G. I., Sanchez, D., Lab, 
M. J., et al. (2004). The use of scan- 
ning ion conductance microscopy to 
image A6 cells. Mol. Cell Endocrinol. 
217, 101-108. 

Gu, Y, Gorelik, J., Spohr, H. A., 
Shevchuk, A., Lab, M. J., Harding, 
S. E., et al. (2002). High-resolution 
scanning patch-clamp: new insights 
into cell function. FASEB }. 16, 
748-750. 

Hansma, R K., Drake, B., Marti, 
O., Gould, S. A., and Prater, 
C. B. (1989). The scanning 



ion-conductance microscope. 
Science 243, 641-643. 

Happel, R, and Dietzel, I. D. (2009). 
Backstep scanning ion conductance 
microscopy as a tool for long 
term investigation of single living 
cells. /. Nanobiotechnol. 7:7. doi: 
10.1186/1477-3155-7-7 

Happel, P., Hoffmann, G., Mann, 
S. A., and Dietzel, I. D. (2003). 
Monitoring cell movements and 
volume changes with pulse- 
mode scanning ion conductance 
microscopy. /. Microsc. 212, 
144-151. 

Helms, M. N., Liu, L., Liang, Y. 
Y, Al-Khalili, O., Vandewalle, 
A., Saxena, S., et al. (2005). 
Phosphatidylinositol 3 4, 5- 
trisphosphate mediates aldosterone 
stimulation of epithelial sodium 
channel (ENaC) and interacts with 
gamma-ENaC. /. Biol. Chem. 280, 
40885-40891. 

James, A. E, Sabirov, R. Z., and Okada, 
Y. (2010). Clustering of protein 
kinase A-dependent CFTR chlo- 
ride channels in the sarcolemma 
of guinea-pig ventricular myocytes. 
Biochem. Biophys. Res. Commun. 
391, 841-845. 

Kemp, S. ]., Thorley, A. J., Gorelik, J., 
Seckl, M. J., O'Hare, M. J., Arcaro, 
A., et al. (2008). Immortalization 
of human alveolar epithelial cells 
to investigate nanoparticle uptake. 
Am. J. Respir. Cell Mol. Biol. 39, 
591-597. 

Klenerman, D., Korchev, Y. E., and 
Davis, S. J. (2011). Imaging and 
characterisation of the surface of live 
cells. Curr. Opin. Chem. Biol. 15, 
696-703. 

Korchev, Y. E., Bashford, C. L., 
Milovanovic, M., Vodyanoy, I., 
and Lab, M. J. (1997). Scanning 
ion conductance microscopy 
of living cells. Biophys. J. 73, 
653-658. 

Korchev, Y E., Gorelik, J., Lab, M. 
J., Sviderskaya, E. V., Johnston, 
C. L., Coombes, C. R., et al. 



(2000a). Cell volume measurement 
using scanning ion conduc- 
tance microscopy. Biophys. J. 78, 
451-457. 

Korchev, Y. E., Negulyaev, Y. A., 
Edwards, C. R., Vodyanoy, I., and 
Lab, M. J. (2000b). Functional 
localization of single active ion 
channels on the surface of a 
living cell. Nat Cell Biol. 2, 
616-619. 

Korchev, Y. E., Raval, M., Lab, M. 
J., Gorelik, J., Edwards, C. R., 
Rayment, T, et al. (2000c). 
Hybrid scanning ion conduc- 
tance and scanning near-field 
optical microscopy for the study 
of living cells. Biophys. J. 78, 
2675-2679. 

Novak, P., Li, C, Shevchuk, A. I., 
Stepanyan, R., Caldwell, M., 
Hughes, S., et al. (2009). Nanoscale 
live-cell imaging using hop- 
ping probe ion conductance 
microscopy. Nat. Methods 6, 
279-281. 

Pastre, D., Iwamoto, H., Liu, J., 
Szabo, G., and Shao, Z. (2001). 
Characterization of AC mode 
scanning ion-conductance 
microscopy. Ultramicroscopy 90, 
13-19. 

Pellegrino, M., Orsini, P., and De, 
G. F. (2009). Use of scanning 
ion conductance microscopy 
to guide and redirect neuronal 
growth cones. Neurosci. Res. 64, 
290-296. 

Pellegrino, M., Orsini, P., Pellegrini, 
M., Baschieri, P., Dinelli, E, 
Petracchi, D., et al. (2011). 
Weak hydrostatic forces in 
far-scanning ion conductance 
microscopy used to guide neuronal 
growth cones. Neurosci. Res. 69, 
234-240. 

Pellegrino, M., Pellegrini, M., Orsini, P., 
Tognoni, E., Ascoli, C, Baschieri, P., 
et al. (2012). Measuring the elastic 
properties of living cells through the 
analysis of current-displacement 
curves in scanning ion conductance 



microscopy. Pflugers Arch. 464, 
307-316. 

Sanchez, D., Anand, U., Gorelik, J., 
Benham, C. D., Bountra, C, Lab, 
M., et al. (2007). Localized and 
non-contact mechanical stim- 
ulation of dorsal root ganglion 
sensory neurons using scanning 
ion conductance microscopy. 
/. Neurosci. Methods 1 59, 
26-34. 

Shevchuk, A. I., Hobson, P., Lab, M. 
J., Klenerman, D., Krauzewicz, 
N., and Korchev, Y. E. (2008a). 
Endocytic pathways: combined 
scanning ion conductance and 
surface confocal microscopy 
study. Pflugers Arch. 456, 
227-235. 

Shevchuk, A. I., Hobson, P., Lab, M. 
J., Klenerman, D., Krauzewicz, N., 
and Korchev, Y. E. (2008b). Imaging 
single virus particles on the sur- 
face of cell membranes by high- 
resolution scanning surface con- 
focal microscopy. Biophys. J. 94, 
4089^094. 

Shevchuk, A. I., Novak, P., Taylor, 
M., Diakonov, I. A., Ziyadeh- 
Isleem, A., Bitoun, M., et al. 
(2012). An alternative mechanism 
of clathrin- coated pit closure 
revealed by ion conductance 
microscopy. /. Cell Biol. 197, 
499-508. 

Shin, W., and Gillis, K. D. (2006). 
Measurement of changes in 
membrane surface morphol- 
ogy associated with exocytosis 
using scanning ion conduc- 
tance microscopy. Biophys. J. 91, 
L63-L65. 

Smith, P. R., Bradford, A. L., Schneider, 
S., Benos, D. J., and Geibel, 
J. P. (1997). Localization of 
amiloride- sensitive sodium chan- 
nels in A6 cells by atomic force 
microscopy. Am. J. Physiol 272, 
C1295-C1298. 

Yang, X., Liu, X., Lu, H., Zhang, X., 
Ma, L., Gao, R., et al. (2012). 
Real-time investigation of acute 



www.frontiersin.org 



January 2013 | Volume 3 | Article 483 | 5 



Liu et al. 



SICM and biological studies 



toxicity of ZnO nanoparticles 
on human lung epithelia with 
hopping probe ion conductance 
microscopy. Chem. Res. Toxicol. 25, 
297-304. 

Yang, X., Liu, X., Zhang, X., Lu, H., 
Zhang, J., and Zhang, Y. (2011). 
Investigation of morphological 
and functional changes dur- 
ing neuronal differentiation of 
PC12 cells by combined hop- 
ping probe ion conductance 
microscopy and patch-clamp 
technique. Ultramicroscopy 111, 
1417-1422. 



Yang, X., Liu, X., Zhang, X. R, Lu, 
H. J., and Zhang, Y. J. (2010). 
[High-resolution patch-clamp 
technique based on feedback con- 
trol of scanning ion conductance 
microscopy]. Sheng Li Xue. Bao. 62, 
275-283. 

Zhang, Y, Gorelik, J., Sanchez, 
D., Shevchuk, A., Lab, M., 
Vodyanoy, I., et al. (2005). Scanning 
ion conductance microscopy 
reveals how a functional renal 
epithelial monolayer maintains 
its integrity. Kidney Int. 68, 
1071-1077. 



Conflict of Interest Statement: The 

authors declare that the research 
was conducted in the absence of any 
commercial or financial relationships 
that could be construed as a potential 
conflict of interest. 

Received: 16 November 2012; paper 
pending published: 04 December 2012; 
accepted: 10 December 2012; published 
online: 14 January 2013. 
Citation: Liu B-C, LuX-Y, SongX, LeiK- 
X Alii AA, Bao H-F, Eaton DC and Ma 
H-P (2013) Scanning ion conductance 
microscopy: a nanotechnology for biolog- 



ical studies in live cells. Front. Physio. 
3:483. dot: 10.3389/fphys.2012.00483 
This article was submitted to Frontiers 
in Renal and Epithelial Physiology, a 
specialty of Frontiers in Physiology. 
Copyright © 2013 Liu, Lu, Song, Lei, 
Alii, Bao, Eaton and Ma. This is an open- 
access article distributed under the terms 
of the Creative Commons Attribution 
License, which permits use, distribution 
and reproduction in other forums, pro- 
vided the original authors and source 
are credited and subject to any copy- 
right notices concerning any third-party 
graphics etc. 



Frontiers in Physiology | Renal and Epithelial Physiology 



January 2013 | Volume 3 | Article 483 | 6 



